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Abstract
Context. The reddening maps of the Large Magellanic Cloud (LMC) and Small Magellanic Cloud (SMC) are constructed using the
Cepheid Period-Luminosity (P-L) relations.
Aims. We examine reddening distribution across the LMC and SMC through largest data on Classical Cepheids provided by the OGLE
Phase IV survey. We also investigate the age and spatio-temporal distributions of Cepheids to understand the recent star formation
history in the LMC and SMC.
Methods. The V and I band photometric data of 2476 fundamental mode (FU) and 1775 first overtone mode (FO) Cepheids in the
LMC and 2753 FU and 1793 FO Cepheids in the SMC are analyzed for their P-L relations. We convert period of FO Cepheids to
corresponding period of FU Cepheids before combining the two modes of Cepheids. Both galaxies are divided into small segments
and combined FU and FO P-L diagrams are drawn in two bands for each segment. The reddening analysis is performed on 133
segments covering a total area of about 154.6 deg2 in the LMC and 136 segments covering a total area of about 31.3 deg2 in the
SMC. By comparing with well calibrated P-L relations of these two galaxies, we determine reddening E(V − I) in each segment
and equivalent reddening E(B − V) assuming the normal extinction law. The period-age relations are used to derive the age of the
Cepheids.
Results. Using reddening values in different segments across the LMC and SMC, reddening maps are constructed. We find clumpy
structures in the reddening distributions of the LMC and SMC. From the reddening map of the LMC, highest reddening of E(V − I) =
0.466 mag is traced in the region centered at α ∼ 85o.13, δ ∼ −69o.34 which is in close vicinity of the star forming HII region 30
Doradus. In the SMC, maximum reddening of E(V − I) = 0.189 mag is detected in the region centered at α ∼ 12o.10, δ ∼ −73o.07.
The mean reddening values in the LMC and SMC are estimated as E(V − I)LMC = 0.113 ± 0.060 mag, E(B − V)LMC = 0.091 ± 0.050
mag, E(V − I)S MC = 0.049 ± 0.070 mag, and E(B − V)S MC = 0.038 ± 0.053 mag.
Conclusions. The LMC reddening map displays heterogeneous distribution having small reddening in the central region and higher
reddening towards eastern side of the LMC bar. The SMC have relatively small reddening in peripheral regions but larger reddening
towards south-west region. In these galaxies, we see an evidence of a common enhanced Cepheid population at around 200 Myr ago
which appears to have occurred due to close encounter between the two clouds.
Key words. stars: variables: Classical Cepheids – stars: (galaxies) Large Magellanic Cloud; Small Magellanic Cloud – method: data
analysis
1. Introduction
The LMC and SMC (together known as Magellanic Clouds,
MCs) are among one of the most studied galaxies in the Universe
due to their close proximity to the Galaxy as they are located at
the distance of ≈ 50 kpc and 60 kpc, respectively (Westerlund
1991; Hilditch et al. 2005; Keller & Wood 2006; de Grijs &
Bono 2015). They offer an excellent opportunity to strive many
astronomical issues such as star formation, structure forma-
tion, distribution of interstellar medium through wide range of
tracers and they have significantly advanced our understanding
on galaxy evolution and dynamical interaction (e.g., Harris &
Zaritsky 2004; Skowron et al. 2014; Ripepi et al. 2014; Piatti
et al. 2015; Nidever et al. 2017). The MCs provide the ideal
laboratory to probe the spatially resolved star formation his-
tory (SFH) and dust distributions since these galaxies are not
just close enough to be resolved into stars but also moder-
⋆ E-mail: yogesh@aries.res.in
⋆⋆ Data used in the present study is only available in the electronic
form at the CDS via anonymous ftp to cdsarc.u-strasbg.fr
ately affected by the interstellar extinction and foregroundMilky
Way stars (Rubele et al. 2018). In recent times, the distribu-
tion of different stellar populations in the MCs has been stud-
ied by various authors (e.g., Alcock et al. 1999; Pietrzynski &
Udalski 1999, 2000; Nikolaev et al. 2004; Borissova et al. 2004,
2006; Harris & Zaritsky 2009; Glatt et al. 2010; Cioni et al.
2011; Subramanian & Subramaniam 2013; Joshi & Joshi 2014;
Jacyszyn-Dobrzeniecka et al. 2016; Nayak et al. 2016; Joshi
et al. 2016; Rubele et al. 2018; Choi et al. 2018), among oth-
ers. For example, Borissova et al. (2004, 2006) suggested the
existence of homogeneous, old and metal-poor stellar halo in
the LMC based on the velocity dispersion of RR Lyrae stars. On
the basis of spatial and age distributions of Cepheids reported in
the Optical Gravitational Lensing Experiment (OGLE) Phase-III
survey, Joshi & Joshi (2014) and Joshi et al. (2016) affirmed that
a major star formation triggered in these two dwarf galaxies at
≈ 200 ± 50 Myr ago. Choi et al. (2018) revealed a significant
warp in the south west region of LMC outer disk towards SMC
and an off-centered tilted LMC bar which they believe is consis-
tent with a direct collision between the two clouds in agreement
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with the earlier studies (e.g., Besla et al. 2012; Carrera et al.
2017; Zivick et al. 2018, 2019). On the basis of VMC data in the
near-infrared filters, Rubele et al. (2018) provided maps for the
mass distribution of stars of different ages, and a total mass of
stars ever formed in the SMC. These kind of studies are possi-
ble due to availability of enormous amount of data generated by
the large sky surveys in these directions like Massive Compact
Halo Objects Survey (Alcock et al. 1995), Optical Gravitational
Lensing Experiment (Udalski et al. 1997), Magellanic Clouds
Photometric Survey (Zaritsky et al. 1997), Two Micron All Sky
Survey (Skrutskie et al. 2006), VISTA survey of Magellanic
Clouds system (Cioni et al. 2011), Survey of the MAgellanic
Stellar History (Nidever et al. 2017), etc.
It has long been observed that reddening (a measurement
of the selective total dust extinction) information is one of the
important parameter to estimate the structure of the disk of the
MCs as well as deriving SFH in these two dwarf galaxies. For
example, Subramanian & Subramaniam (2013) suggested that
the extra-planer features which are found both in front of and
behind the disk could be in the plane of the disk itself if there
would be an under-estimate or over-estimate of the extinction
values in the direction of the LMC. Rubele et al. (2018) de-
rived the extinction AV varying between ∼0.1 mag to 0.9 mag
across the SMC and found that the high-extinction values follow
the distribution of the youngest stellar populations. By simulta-
neously solving SFH, mean distance, reddening, etc, they were
able to get more reliable picture of how the mean distances, ex-
tinction values, SF rate, and metallicities vary across the SMC.
Choi et al. (2018) presented E(g − i) reddening map across the
LMC disk through the colour of red clump (RC) stars and sug-
gested that the majority of the reddening toward the non-central
regions results from the Milky Way foreground, which acts as a
dust screen on stars behind it. They were able to explore the de-
tailed three-dimensional structure of the LMC and detect a new
stellar warp by using their accurate and precise two-dimensional
reddening map in the LMC disk.
In our analysis, we use Classical Cepheids or Population I
Cepheids (here onward we simply use the term Cepheids for
these objects) to map the reddening and probe the recent SFH
within the MCs. Cepheids are relatively young massive stars in
the core He-burning phase and occupy the space in a well de-
fined instability strip in the H-R diagram. These are regarded as
an excellent tracer for the understanding of recent star forma-
tion in the host galaxy and one of the most important establish-
ment of the cosmic distance ladder. They play a pivotal role in
structure studies of nearby external galaxies like MCs, M31, and
M33, among others as they are found in plenty in these galaxies.
These pulsating variables, because of their large intrinsic bright-
ness and periodic luminosity variation over time, can be easily
detected in the outskirts of the Galactic disk and in nearby galax-
ies.
Cepheids pulsate in two modes, one called FU mode in
which all parts of the system move sinusoidally with the same
frequency and a fixed phase relation, and other are called FO
Cepheids which pulsate with short period and small amplitude.
The distinction between FU and FOCepheids can easily be made
using their positions in the P-L diagram. Cepheids pulsating in
the FO mode are about 1 mag brighter and relatively lower am-
plitude than the FU mode for the same pulsation period (e.g.,
Udalski et al. 1999; Bono et al. 2005). One can also distinguish
the two modes through the Fourier parameters R21 and φ21 de-
termined from the shape of their light curves. During the past
few decades, many studies have been directed towards the un-
derstanding structure and reddening distribution in the MCs em-
ploying the Cepheids (e.g., Udalski et al. 1999; Nikolaev et al.
2004; Subramanian & Subramaniam 2015; Joshi & Joshi 2014;
Joshi et al. 2016; Inno et al. 2016; Scowcroft et al. 2016).
In the present study, we primarily aim to understand the red-
dening variation across the MCs through multi-band P-L rela-
tions of the Cepheids by taking advantage of largest and most
homogeneous sample of FU and FO Cepheids spread all across
the MCs in the recently released catalogue of OGLE-IV survey.
Here, we construct large number of narrow sub-regions in these
two galaxies and select significant number of Cepheids in each
sub-region to draw respective P-L diagrams. Furthermore, we
convert period of FO Cepheids to the corresponding period of
FU Cepheids in order to make a single P-L diagram with in-
creased sample size of Cepheids. Then using the multi-band P-L
diagrams in each sub-region, we estimate the corresponding red-
dening values. In this way, we obtain the reddening in all such
sub-regions that are used to construct the reddening map which
is of vital importance to study the dust distribution within dif-
ferent regions of these two galaxies. We also estimate the age of
Cepheids in order to probe the recent SFH in the two clouds.
This paper is structured as follows. In Section 2, we describe
the detail of the data used in the present study. The spatial dis-
tribution of Cepheids in the MCs is described in Section 3. The
reddening determinations and construction of reddening maps
are presented in Section 4. Our analysis on the Cepheids age de-
termination and recent SFH in the MCs is given in Section 5.
The discussion and conclusion of this study are summarized in
Section 6.
2. Data
There has been plenty of surveys for Cepheids in the MCs, how-
ever, OGLE1 has revolutionized the field by producing thou-
sands of Cepheid light curves in the Galaxy, the LMC and the
SMC with high signal-to-noise ratio and determining very accu-
rate parameters like periods, magnitudes and amplitudes. OGLE
has begun its survey in 1992 in its first phase, followed by three
more phases appending additional sky coverage. The fourth
phase of OGLE survey has been carried out using a 32-chip
mosaic CCD camera on a 1.3-m Warsaw University Telescope
at Las Campanas Observatory, Chile between 2010 March and
2015 July which has increased observing capabilities by almost
an order of magnitude compared to OGLE-III phase and covered
over 3000 square degrees in the sky (Soszyn´ski et al. 2016). The
complete detail of the reduction procedures, photometric cali-
brations and astrometric transformations is available in Udalski
et al. (2015).
Recently OGLE-IV survey has released high quality pho-
tometric data in the V and I band from their observations of
Magellanic System (Soszyn´ski et al. 2015, 2017). This work uti-
lizes the publicly available photometric catalog of variable stars
consisting of 4704 Cepheids in the LMC and 4945 Cepheids in
the SMC. The LMC Cepheids sample consists of 2476 FU, 1775
FO, 26 second-overtone (SO), 95 double-mode FU/FO, 322
double-mode FO/SO, 1 double mode FO/Third overtone (TO),1
double mode SO/TO, and 8 triple-mode Cepheids (Soszyn´ski
et al. 2015). Similarly, the SMC sample consists of 2753 FU,
1793 FO, 91 S O, 68 FU/FO, 239 FO/S O, and one triple-mode
Cepheids (Soszyn´ski et al. 2017). The sample is reported to
be over 99% complete making it the most complete and least
contaminated sample of Cepheids in the Magellanic System
(Jacyszyn-Dobrzeniecka et al. 2016). For the present study, we
1 http://ogle.astrouw.edu.pl/
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have only used the archival V and I band data containing the
mean magnitude and period of FU and FO Cepheids for both the
dwarf galaxies. In total, we used simultaneous V and I band data
of 4251 Cepheids in the LMC and 4546 Cepheids in the SMC.
The photometric uncertainty on OGLE-IV mean magnitudes is
found to be σI,V = 0.007 mag for brighter and longer period
Cepheids (0.7 ≤ log P ≤ 1.5) and σI,V = 0.02 mag for fainter
and shorter period Cepheids (log P < 0.7) (Inno et al. 2016).
3. Spatial Distribution
During the last several years, a large number of studies based on
different stellar populations have been carried out to understand
the structure of the MCs (e.g., Glatt et al. 2010; Wagner-Kaiser
& Sarajedini 2013; Subramanian & Subramaniam 2013; Joshi
& Joshi 2014; Joshi et al. 2016; Muraveva et al. 2018). In the
present study, we have a total of 4251 Cepheids in the LMC and
4546 Cepheids in the SMC, largest sample among any previous
studies so far which provides a chance to examine their spatial
distributions within the clouds in order to understand the geom-
etry of the disk of these galaxies. To carry out this analysis, we
first converted the (RA, DEC) coordinates to (X, Y) coordinates
using the relations given by Van De Kamp (1967). Then we di-
vided the LMC in 45×45 segments with a dimension of 0.4×0.4
kpc square for each segment having a mean spatial resolution of
≈ 1.2 deg2. For the SMC, we divided in 90× 90 segments with a
smaller dimension of 0.2× 0.2 kpc square having a mean spatial
resolution of ≈ 0.22 deg2 because SMC contains higher density
of Cepheids in its relatively small area. We kept the same spa-
tial cell size for all subsequent analysis in our study. The cell
size was chosen in such a way that we can get enough Cepheids
in each cell for a statistically meaningful determination of mean
reddening and recent SFH measurements. Our selection has re-
sulted 389 segments covering a total area of about 456.7 deg2 in
the LMC and 562 segments covering a total area of about 131.3
deg2 in the SMC. We counted the total number of Cepheids in
each segment in the LMC and SMC, and constructed the spatial
map of the Cepheids distribution.
In Figure 1, we show the two-dimensional spatial distribu-
tion of Cepheids in each of 389 segments in the LMC. The colour
code in the map represents the number of Cepheids in each seg-
ment. The observed spatial maps in the LMC shows some in-
teresting structures. The center of the Cepheids density region
in the LMC is found to be at X = −1.2, Y = −0.8 which cor-
responds to the coordinates α ∼ 84o.00 and δ ∼ −70o.29. It is
apparent that the stellar overdensities do not match with the op-
tical center of the LMC but shifted far away towards south-east
direction. The spatial distribution of Cepheids along the disk is
very distinctive and a bar structure is conspicuous where most of
the Cepheids are located. It is also seen that the density structure
of the bar region is not smooth. Many Cepheids are distributed
in the clumpy structure along the bar which is elongated in the
east-west direction where eastern side of the bar shows higher
density of Cepheids as compared to its western side. On the ba-
sis of RC stars in the LMC, the presence of warp in the bar was
also noticed by Subramaniam (2003) indicating a dynamically
disturbed structure for the LMC. The spatial density of Cepheids
in the LMC is found to be very poor in its northern arm.
In Figure 2, we present similar two-dimensional spatial map
for the SMC constructed from 562 segments of our chosen
size. As one can see in the map, disk of the SMC seems to
be quite irregular and asymmetric. It is evident that the south-
western region of the SMC is the most populated and centroid
of the Cepheids density distribution is located at α ∼ 12o.73,
Figure 1: Two-dimensional spatial map in the LMC as a function
of number of Cepheids measured in different segments. North is
up and east is to the left. The location of the optical center of the
LMC is shown by plus sign.
Figure 2: Same as Figure 1 but for the SMC.
δ ∼ −73o.07. While dense region is much farther away in the
LMC from its optical center, the centroid of the most populated
region having Cepheids lies very close to the optical center in
the SMC.
4. Reddening
4.1. Methodology of reddening determination
The dust and gas is heterogeneously distributed within the MCs
and a differential extinction is found to exist in these two galax-
ies hence a constant extinction cannot be applied in deriving P-L
relations across the LMC and SMC. However, one can study the
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extinction variation in these galaxies by determining reddening
in small sub-regions. Since thousands of Cepheids are available
in the MCs, we can divide both the galaxies into small segments
containing tens of Cepheids in each zone. For each segment, P-L
diagram is plotted in the form of
mλ = aλ logP + ZPλ (1)
where mλ, aλ, P, and ZPλ denote apparent magnitude, P-L slope,
period of Cepheid, and zero point, respectively for a given band-
pass. Once slope aλ is known through calibrated P-L relations,
one can obtain the ZPλ.
As OGLE data is given in V and I band and there are many
calibrated P-L relations for Cepheids in these bands derived in
the past studies for the MCs (e.g., Udalski et al. 1999; Laney &
Stobie 1994; Freedman et al. 2001; Sandage et al. 2004, 2009;
Ngeow et al. 2009, 2015), we used the most recent ones given
by Ngeow et al. (2009) for the LMC FU Cepheids as following:
MV = −2.769(±0.023) logP + 17.115(±0.015) (2)
MI = −2.961(±0.015) logP + 16.629(±0.010) (3)
For the SMC FU Cepheids, we used the P-L relation given by
Ngeow et al. (2015) as following:
MV = −2.660(±0.040) logP + 17.606(±0.028) (4)
MI = −2.918(±0.031) logP + 17.127(±0.022) (5)
where MV and MI denote absolute magnitudes in V and I band,
respectively. We note here that no significant metallicity gradi-
ent has been seen across the LMC and SMC (e.g., Grocholski
et al. 2006; Cioni 2009; Parisi et al. 2009; Feast et al. 2010;
Deb & Singh 2014; Joshi et al. 2016) hence any variation in
the MCs P-L relations due to metallicity variation is not con-
sidered in the present study. Even if we accept any variation
in the metallicity at all as reported in some previous studies
(e.g., Tammann et al. 2003; Carrera et al. 2008; Kapakos &
Hatzidimitriou 2012; Dobbie et al. 2014) the difference in red-
dening is found to be ∼0.001 mag which is insignificant in com-
parison of the scatter in the P-L diagrams itself. Moreover, there
are many studies reported the non-linearity in the P-L relations
in these galaxies (EROS Collaboration et al. 1999; Udalski et al.
1999; Sharpee et al. 2002; Kanbur &Ngeow 2004; Sandage et al.
2009; Soszyn´ski et al. 2010; Tammann et al. 2011; Subramanian
& Subramaniam 2015; Bhardwaj et al. 2016). A wide range of
break points has been reported at different places in the P-L dia-
grams (1.0, 2.5, 2.9, 3.55, and 10 day) which also varies in dif-
ferent bands and different overtones. However, we did not con-
sider any breaks in the P-L diagrams because uncertainties from
photometry and low number statistics in the present data were
larger than the uncertainties from breaks. With these assump-
tions, we determine the reddening in large number of segments
across these two galaxies.
It has been however observed through the P-L diagram of FU
and FO Cepheids that for the same pulsation period FU Cepheids
have greater magnitude as compared to FO Cepheids and they
follow two different P-L relations. Hence, to combine the FU
and FO Cepheids together in a single P-L diagram, one requires
to first convert period of FO Cepheids into the corresponding
period of FU Cepheids which requires a well defined relation
connecting the two periods. As vast majority of Cepheids pul-
sates only in a single mode, there are only a limited number of
Cepheids which pulsate in two modes simultaneously (Lemasle
et al. 2018). Using the high resolution spectroscopic observa-
tions of 17 such double mode Galactic Cepheids, Szila´di et al.
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Figure 3: The P-L diagrams in the LMC for the FU and FO
Cepheids in the left panels. The right panels show the combined
FU and FO Cepheids after converting period of FO Cepheids to
corresponding periods of FU Cepheids. Upper panels are for V
filter and lower panels are for I filter. Points shown in blue color
are for FU Cepheids and red color are for FO Cepheids.
(2007) derived a relation for transformation of FO and FU peri-
ods as following:
P1
P0
= −0.0143 logP0 − 0.0265
[
Fe
H
]
+ 0.7101 (6)
±0.0025 ± 0.0044 ± 0.0014
where P1 and P0 denote period of FO Cepheid and correspond-
ing period of FU Cepheid, respectively.
[
Fe
H
]
denotes the metal-
licity. We converted periods of FO Cepheids to those of the cor-
responding periods of FU Cepheids to draw P-L diagrams of
combined sample of FU and FO Cepheids. Here, we considered
a mean present-day metallicity of −0.34± 0.03 dex for the LMC
based on Cepheids (Keller & Wood 2006) and −0.70 ± 0.07 dex
for the SMC based on supergiants (Hill et al. 1997; Venn 1999).
In Figures 3 and 4, we illustrate V and I band P-L diagrams
in the LMC and SMC, respectively. In each diagram, we show
FU and FO Cepheids independently in the left panel and com-
bined FU and FO Cepheids in the right panel after the period
conversion. It is conspicuous that FU and FO Cepheids follow
two different P-L relations and after converting FO periods to
corresponding FU periods using eq. 6, they fall on a single P-L
relation in their respective filters in both the LMC and SMC, as
can be seen in the right plots of Figures 3 and 4. This approach
allows us to combine two different modes of Cepheids in a single
P-L relation which in turn gives us a larger sample of Cepheids
for the study. We then draw multi-band period versus magnitude
diagrams in each segment and fit the calibrated P-L relation to
determine the corresponding intercept. The difference in inter-
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Figure 4: Same as Figure 3 but for the SMC.
cepts between calibrated and observed P-L relations yields the
ZP value for a given passband.
ZP = ZPobserved − ZPcalibrated (7)
Here, ZPcalibrated in the V and I bands are respectively taken as
17.115mag and 16.629mag for the LMC and 17.606 and 17.127
for the SMC as given in the eqs. 2 to 5. The ZPobserved varies for
each segment mainly according to their relative dust extinction,
whereas P-L slope is almost fixed in a galaxy. Once we know the
ZP values in two different passbands, we derive the reddening in
the selected region by subtracting them as follows:
E(V − I) = ZPV − ZPI (8)
where ZPV and ZPI are the zero points in V and I band, respec-
tively.
Assuming that the MCs Cepheids follow the same reddening
law as that of Galactic Cepheids, we can determine reddening
E(B−V) using the following reddening ratio (Wagner-Kaiser &
Sarajedini 2017):
E(B − V) = E(V − I)/1.32 (9)
In this way, one can estimate reddening E(V − I) and E(B−V) in
each segment of the LMC and SMC. The uncertainties in E(V −
I) and E(B − V)) values are calculated by combining the error
in the ZP values and those in the P-L slopes. It is important to
note here that one does not require any prior information on the
distance of the host galaxy of Cepheids to map the reddening
when their multi-band photometry is available. Since we have V
and I band photometry for thousands of Cepheids in the MCs,
it ideally suited us to study the reddening in detail in these two
nearby clouds which is crucial to understand the dust distribution
and probe the recent SFH in the MCs.
4.2. Reddening in the MCs
Although one can measure reddening corresponds to each
Cepheid but the mean magnitude of individual Cepheid de-
termined through the photometric light curves may contain
some uncertainty which propagates in the reddening estimation.
Therefore, to carry out analysis, we made small segments in the
LMC and SMC as defined in Section 3. To draw P-L relations,
we need to select those segments which have a larger number of
Cepheids lying in the same direction in order to determine more
precise value of mean reddening with lesser uncertainty in any
given direction. Therefore only those segments were considered
which contain a minimum of 10 Cepheids (3 × Poissonian error)
in at least one passband.
4.2.1. The LMC
We selected a total 133 segments with an average angular res-
olution of ≈ 1.2 deg2 covering a total area of about 154.6 deg2
in the LMC. The maximum number of Cepheids among selected
segments is found to be 144 in the LMC. Keeping the slopes
fixed in the V and I band P-L diagrams as given in eqs. 2 and
3, we estimated ZP values for each segment using a least-square
fit to the observed period versus magnitude diagrams. It should
be noted here that uncertainties in the measurements of apparent
V and I magnitudes are not provided in the OGLE-IV catalogue
hence individual photometric errors are not considered in the fit.
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Figure 5: The P-L relations for a sub-region in the LMC in V
band (upper panel) and I band (lower panel). Here, the continu-
ous lines represent best linear fit with fixed slope of -2.769 for V
band and -2.961 for I band, respectively. The dashed lines rep-
resent the 3σ cut lines and Cepheids outside 3σ lines are shown
by open circles which are not considered in the best fit.
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Table 1: Table provides reddening in 133 different segments of
the LMC. Here, Ist column represents ID of the segment, 2nd
and 3rd columns give central (X,Y) coordinate, 4th and 5th
columns give corresponding (RA,DEC) coordinates. The last 3
columns give reddening E(V − I), E(B − V) and error in the
E(V − I).
Seg Xc Yc RAc DECc E(V − I) E(B − V) Error
ID (kpc) (kpc) (deg) (deg) (mag) (mag) (mag)
001 -0.8 -2.0 82.21 -71.25 0.124 0.094 0.053
002 -0.4 -2.0 81.06 -71.26 0.116 0.088 0.058
003 0.4 -2.0 78.76 -71.26 0.088 0.067 0.071
. . . . . . . .
. . . . . . . .
. . . . . . . .
133 0.4 4.0 79.01 -65.74 0.123 0.093 0.092
In Figure 5, we show one such randomly selected P-L di-
agram, each in V and I band. We here apply 3σ cut to reduce
the contamination in iterative manner unless all the Cepheids
fall within 3σ lines of the given P-L slope where σ is the rms
derived from fitting P-L relation to the observed data points. In
Figure 5, the best fit slope is drawn by continuous line while
final 3-σ deviation is shown by dashed lines on both sides of
the best fit. It should be noted here that some intrinsic disper-
sion in the P-L diagram is obvious due to the finite width of the
Cepheid instability strip as well as contamination due to blend-
ing and crowding effects (Sandage& Tammann 1968; Joshi et al.
2003, 2010). On an average the dispersion in the LMC Cepheid
P-L diagrams is found to be . 0.06 mag in both V and I band.
We note here that an uncertainty in the LMC metallicity of 0.03
dex (Keller & Wood 2006) used in eq. 6 gives only an added
0.001 mag error in the ZP values determined through combined
(FU+FO) P-L relations which is much smaller than the typical
error on the ZP estimations. Using the zero point intercepts in V
and I band, we determined the reddening E(V − I) and E(B−V)
values as described in eqs. 8 and 9 for all the 133 segments in
the LMC. Table 1 lists the central coordinates of all the selected
segments in the LMC, corresponding to which reddening values
E(V − I) and E(B − V) are given in columns 6 and 7. The com-
plete table is available online or from the lead author. The value
of reddening E(V − I) in different segments of the LMC varies
from 0.041mag to 0.466mag with a mean value of 0.134±0.006
mag. The histogram shown in Figure 6 illustrates the distribution
of reddening E(V − I) in the LMC.
The probability distribution function of interstellar column
density measurements is known to be close to log-normal in the
solar neighborhood (e.g., Lombardi et al. 2010). Hence we draw
a log-normal profile in the reddening distribution of the LMC.
The best profile illustrated by dashed line is shown in Figure 6
that shows it matches the distribution with exquisite accuracy.
The uncertainty in the reddening E(V − I) was determined from
the σ-value in the best fit profile and error in the ZP values in V
and I band. First, we calculated error in each value of ZP using
the uncertainties in the slope and zero points of the P-L rela-
tion in both the filters. Then, combined error in the estimation of
E(V − I) has been determined through the error propagation
σ(E(V − I)) =
√
(σ(ZPV )2 + σ(ZPI)2 + σ( f it)2
We determined error in each value of E(V− I) that is given in the
last column of Table 1. A mean error in the E(V − I) values was
taken corresponding to the peak in the distribution of σ(E(V −
I)) values obtained in all the 136 segments. The mean value of
reddening using the log-normal profile fit is found to be E(V −
I) = 0.113±0.060mag. The correspondingmean value of E(B−
V) is estimated as 0.091 ± 0.050 mag.
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Figure 6: Histogram of reddening values in 133 segments of the
LMC shown by continuous line. The dashed line represents the
best fit with a log-normal distribution.
The reddening in the LMC has been estimated by several au-
thors in the past and we summarize some of the recent reddening
measures in E(B − V) or E(V − I) using different stellar popu-
lations in Table 2. Among some of the most recent estimates
of reddening in the LMC, the RC stars used by Haschke et al.
(2011) indicated a mean reddening of the LMC as E(V − I) =
0.09 ± 0.07 mag while with RR Lyrae stars a median value of
E(V − I) = 0.11 ± 0.06 mag was obtained. Inno et al. (2016)
provided reddening estimates derived through Cepheids at 7 dif-
ferent positions across the LMC and found that E(B − V) varies
in the range of 0.08±0.03mag to 0.12±0.02mag. Furthermore, a
broader range of E(B−V) from 0.10±0.02mag to 0.16±0.02mag
was given by Pietrzyn´ski et al. (2013) using detached eclipsing
binaries found in the OGLE data. Choi et al. (2018) constructed
2D reddening map of LMC disk with help of red clump (RC)
stars observed in the Survey of the MAgellanic Stellar History
(SMASH) and reported an average E(g − i) = 0.15 ± 0.05 mag.
Using the conversion equations from Abbott et al. (2018), this
reddening corresponds to E(B − V) = 0.093 ± 0.031 mag. From
the Table 2, it is found that the mean LMC reddening varies
from E(B − V) ≈ 0.031 mag to E(B − V) ≈ 0.353 mag. The
average LMC reddening E(V − I) = 0.113 ± 0.060 mag and
E(B − V) = 0.091 ± 0.050 mag estimated in the present study is
in good agreement with the recently reported average reddening
measurements using stellar populations of different ages in the
LMC.
4.2.2. The SMC
Employing the same approach, we selected 136 segments in the
SMC with an average angular resolution of ≈ 0.22 deg2 cov-
ering a total area of about 31.3 deg2. The maximum number of
Cepheids among selected segments is found to be 80 in the SMC.
We plot period versus magnitude diagrams for each segment and
drawn a least-square linear fit keeping the slopes fixed in the V
and I band P-L diagrams as given in eqs. 4 and 5. We also ap-
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Table 2: A summary of recent reddening measurements using different stellar populations in the LMC.
E(V-I) E(B-V) Tracer used for the estimate Reference
(mag) (mag)
0.09 ± 0.02 B Stars Larsen et al. (2000)
0.06 MC’s spectra Dutra et al. (2001)
0.14 ± 0.02 Cepheids Nikolaev et al. (2004)
0.08 ± 0.04 RC stars Subramaniam (2005)
0.09 ± 0.07 RC stars Haschke et al. (2011)
0.11 ± 0.06 RR Lyrae Haschke et al. (2011)
0.12 ± 0.05 RRab Wagner-Kaiser & Sarajedini (2013)
0.11 ± 0.06 Clusters Wagner-Kaiser & Sarajedini (2013)
0.10-0.16±0.02 Detached EBs Pietrzyn´ski et al. (2013)
0.11 ± 0.09 Cepheids Inno et al. (2016)
0.093 ± 0.031 RC stars Choi et al. (2018)
0.113 ± 0.060 0.091 ± 0.050 FU and FO Cepheids Present study
plied here 3σ iterative rejection criteria to remove the outliers.
In Figure 7, we show one such randomly selected P-L diagram
along with the best fit line, both in V and I band. We also illus-
trate 3-σ cut lines on both sides of the best fit to represent the
acceptable deviations in the P-L relation. Employing the same
approach as that of the LMC, we determined the reddening val-
ues of E(V − I) and E(B − V) in each of 136 segments in the
SMC. Here, we found 9 segments (6.6%) have unphysical neg-
ative values of reddening and we assigned them zero reddening
within the given uncertainties. It should also be noted here that
the uncertainty in the SMC metallicity of 0.07 dex (Hill et al.
1997; Venn 1999) used in eq. 6 results only an additional 0.001
mag error in the ZP values which is negligible in comparison of
the combined uncertainty in the reddening estimates.
Table 3 provides reddening values E(V − I) and correspond-
ing E(B − V) in the columns 6 and 7 for each segment in the
SMC. The complete table is available online or from the lead
author. The value of reddening E(V − I) in different segments
within the SMC varies from 0.0 to 0.189 mag with a mean value
of 0.064 ± 0.008 mag. The histogram shown in Figure 8 illus-
trates the distribution of reddening E(V − I) across the SMC.
After fitting log-normal profile in the histogram, mean value of
reddening is estimated to be E(V − I) = 0.049± 0.070 mag. The
equivalent reddening E(B − V) in the SMC is estimated to be
0.038 ± 0.053 mag.
Table 3: Same as Table 1 but for the 136 degments of the SMC.
Seg Xc Yc RAc DECc E(V − I) E(B − V) Error
ID (kpc) (kpc) (deg) (deg) (mag) (mag) (mag)
1 0.9 -1.3 10.04 -73.97 0.032 0.024 0.131
2 1.1 -1.3 9.37 -73.96 0.055 0.042 0.089
3 -1.5 -1.1 18.00 -73.75 0.019 0.015 0.150
. . . . . . . .
. . . . . . . .
. . . . . . . .
136 -1.1 1.5 16.23 -71.38 -0.011 -0.008 0.067
The reddening in the SMC has been studied by several au-
thors in the past through reddening measures in E(B − V) or
E(V − I) using different tracers and we provide mean redden-
ing values obtained in some of the recent studies in Table 4.
Among the most recent analysis, Haschke et al. (2011) obtained
the mean value of E(V−I) = 0.07±0.06mag through 1529RRab
stars of OGLE-III survey and E(V − I) = 0.04 ± 0.06 mag using
RC stars. A mean reddening of E(B − V) = 0.071 ± 0.004 mag
was reported by Scowcroft et al. (2016) using the sample of 92
SMC Cepheids with period greater than 6 days. Muraveva et al.
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Figure 7: Same as Figure 5 but for the SMC with fixed slope of
-2.66 for V band and -2.918 for I band, respectively .
(2018) estimated a reddening of E(V − I) = 0.06± 0.06 mag us-
ing the VISTA and OGLE-IV survey data of 2997 fundamental
modeRR Lyrae stars. Using infrared colour-magnitude diagrams
on the deep VISTA survey data, Rubele et al. (2018) inferred a
large extinction in the central region of the SMC, however, found
a relatively lower extinction in the external regions of the SMC.
If we compare our present estimates of E(V − I) = 0.049±0.070
mag and E(B− V) = 0.038± 0.053 mag with the recent redden-
ing values given in Table 4, we find that our analysis is in broad
agreement with the previous studies except that of Subramanian
& Subramaniam (2015) which yield higher reddening value of
E(B−V) = 0.096±0.080mag from their study of SMCCepheids.
It is also observed from the Tables 2 and 4 that the mean red-
dening values obtained in the MCs through different stellar pop-
ulations do not show any significant variation among different
studies.
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Table 4: A summary of recent reddening measurements using different stellar populations in the SMC.
E(V-I) E(B-V) Tracer used for the estimate Reference
(mag) (mag)
0.037 Dust emission Schlegel et al. (1998)
0.07 ± 0.02 B Stars Larsen et al. (2000)
0.04 MC’s spectra Dutra et al. (2001)
0.07 ± 0.06 RRab stars Haschke et al. (2011)
0.04 ± 0.06 RC stars Haschke et al. (2011)
0.053 ± 0.017 0.038 RC stars, RR Lyrae Subramanian & Subramaniam (2012)
0.048 ± 0.039 RRab Stars Deb & Singh (2014)
0.096 ± 0.080 Cepheids Subramanian & Subramaniam (2015)
0.071 ± 0.004 Cepheids Scowcroft et al. (2016)
>0.08 YJKs col-mag diagrams Rubele et al. (2018)
0.06 ± 0.06 RR Lyrae Muraveva et al. (2018)
0.049 ± 0.070 0.038 ± 0.053 FU and FO Cepheids Present study
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Figure 8: Same as Figure 6 but for the 136 segments of the SMC.
4.3. Reddening Maps in the LMC and SMC
The reddening maps are often generated to remove the effects of
reddening from the optical and UV images of different regions of
the galaxies. They also have wide implications in understanding
the star formation rates and recent SFH in the galaxies. In the
following subsections, we individually focus our attention to the
reddening distributions across the LMC and SMC.
4.3.1. The LMC
An examination of individual estimates of reddening values de-
termined through P-L relations, we found that the reddening
varies from one region to another region of the cloud. While
in some regions of the LMC, reddening is negligibly small but
in some regions it is found to be significantly high. The redden-
ing values estimated for the 133 selected segments were used to
construct a reddening map on a rectangular grid using the cen-
tral (X, Y) of all segments. Figure 9 presents the reddening map
derived through the P-L diagrams of the Cepheids, showing the
mean reddening along the line of sight toward each segment.
Here, a smoothed reddening distribution was adopted to con-
struct the map. The optical center of LMC (α = 05h19m38s ≡
79o.91 and δ = −69o27
′
5
′′
.2 ≡ −69o.45; de Vaucouleurs &
Freeman (1972)) is shown in the figure. The quality of reddening
map is basically regulated by the size of the segments as well as
number of Cepheids available in these regions. The sparse spa-
tial distributions of the LMC Cepheids in the outer regions, as
shown in Figure 1, lend a poor resolution to the reddening map
in the outer regions of the LMC as seen in Figure 9.
Figure 9: The reddening maps emanated through the P-L dia-
grams of the Cepheids in the LMC. North is up and east is to the
left. The optical center of the LMC is shown by plus sign. The
colour bar represents the interpolated reddening E(V − I).
The reddening map of the LMC exhibits a non-uniform dis-
tribution of dust across the LMC. With respect to the optical
center in the LMC, a lopsidedness in the reddening distribu-
tion towards the eastern regions is noticed. While the central
region of the LMC contains low values of reddening having
E(V − I) = 0.113± 0.045 mag, the most promising region in the
LMC reddening map is seen towards the north-east region of the
LMC outer disk centred at X = −1.6 kpc, Y = 0.0 kpc from the
center, which corresponds to α ∼ 85o.13, δ ∼ −69o.34 having
E(V − I) = 0.466 mag. Interestingly, the adjacent region centred
around α ∼ 84o, δ ∼ −70o contains the highest concentration
of Cepheids in our sample. This region is most likely associated
with the star forming HII region 30 Doradus (Tarantula Nebula
or NGC 2070) centred at α = 84o.5, δ = −69o.1 (Høg et al.
2000). This is the most active star forming region in the bar of the
LMC (Kim et al. 1999; Tatton et al. 2013). The same region was
identified as having highest reddening by Nikolaev et al. (2004)
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and Inno et al. (2016) as well as having highest concentration of
young cluster populations by Glatt et al. (2010). This region is
lying in the direction of compact massive cluster RMC 136a that
contains a large concentration of young star clusters (Glatt et al.
2010; Evans et al. 2011). Ochsendorf et al. (2017) found that the
30 Dor is located in the region where the LMC bar joins the H I
arms and such locations are prone to enhance star formation ac-
tivity due to high concentrations of gas and to the shocks induced
by the internal dynamical processes (Bitsakis et al. 2018). In the
bar region across the LMC disk, reddening is relatively low and
a mean value of E(V − I) = 0.153 mag was estimated. On the
other side of the LMC bar, few extincted regions are found hav-
ing moderate reddening. The reddening map, in general, is in
good agreement with the maps of HI column density (Luks &
Rohlfs 1992) andMACHO Cepheids (Nikolaev et al. 2004). The
geometry of the LMC disk was studied by Nikolaev et al. (2004)
using the MACHO and 2MASS Cepheids data and estimated
the mean reddening E(B − V) by three different methods. All
the three estimated reddening values were consistent with each
other and the variance-weighted average reddening was found to
be E(B − V) = 0.14 ± 0.02 mag.
It is found that the reddening maps of the LMC have been
constructed in numerous studies in the past using different kind
of stellar populations. In order to compare our reddening map
with some of the recent studies in the LMC, we took advantage
of four such reddening maps in the LMC constructed in the opti-
cal bands for which archival data is available (cf., Subramaniam
2005; Haschke et al. 2011; Nayak et al. 2016; Inno et al. 2016).
We performed a cell-by-cell comparison of our reddening map
with these maps after cross-examinations of central (α, δ) values
of each segment with the reddening values given in same region
in these maps. The histograms of the comparisons between our
reddening map and these maps are illustrated in Figure 10. We
discuss these comparisons in some detail as follows.
1. The reddening E(V − I) values in the LMC is estimated by
Subramaniam (2005) for 1123 locations and found E(V − I)
in the LMC varies between 0.1 to 0.3 mag. Her study shows
the total average LMC bar reddening is E(V−I) = 0.08±0.04
mag and eastern regions have higher reddening as com-
pared to western regions. We carried out cell-by-cell com-
parison of E(V − I) obtained in our study with that of the
Subramaniam (2005) as shown in Figure 10(a) with the dot-
ted line which shows that reddening values estimated by
Subramaniam (2005) is marginally underestimated in com-
parison of our studies.
2. Haschke et al. (2011) estimated reddening E(V− I) using RR
Lyrae stars and RC stars form OGLE-III data. They reported
low reddening in central bar regions of the LMC and higher
reddening towards 30 Doradus region s has also been noticed
in the present study. In Figure 10(a), we show comparison of
our estimated reddening values with those of Haschke et al.
(2011) with continuous line and both the studies are found in
close agreement.
3. Nayak et al. (2016) studied 1072 star clusters in the LMC
using OGLE-III data and a semi-automated quantitative
method was used to estimate the age and reddening of these
clusters. Their E(V − I) values range from 0.05 to 0.50 mag
with maximum reddening lying between 0.1 to 0.3 mag. The
distribution of cell-by-cell comparison shown in Figure 10(a)
with dashed line peaks at ∼-0.28 mag, which means that the
reddening given by Nayak et al. (2016) is much higher in
comparison of any other studies carried out in the LMC in
recent times.
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Figure 10: (a) Upper panel shows the distributions of the ∆E(V−
I) i.e. past studies results subtracted from our results in the LMC
as mentioned on the top-left corner, (b) Lower panel shows the
difference ∆E(B−V) between our reddening estimates and those
of Inno et al. (2016).
4. Inno et al. (2016) investigated LMC disk using Cepheids in
OGLE-IV data. In the Figure 10(b), we illustrate compari-
son between E(B − V) values derived in present study and
Inno et al. (2016). The histogram shows that two studies are
in excellent agreement within the quoted uncertainties. This
result also endorse our approach of combining two modes of
Cepheids in a single P-L relation in order to estimate red-
dening measurements.
In general, we find our reddening map is in excellent agree-
ment with the recent reddening studies in the optical region ex-
cept that of the Nayak et al. (2016). The histograms shown in
Figure 10 also provide opportunity to examine the difference in
the reddening estimates traced through different stellar popula-
tions. It is seen from Figure 10 that while Subramaniam (2005)
and Haschke et al. (2011) yield smaller reddening values from
the older stellar populations RC and RR Lyrae stars, the map
constructed by Nayak et al. (2016) gives higher reddening val-
ues using the young star clusters in comparison of Cepheid vari-
ables which are relatively intermediate age stellar populations. It
is also found that Inno et al. (2016), who also used Cepheids in
their study like in the present analysis, has similar reddening es-
timates as ours. In general, younger populations like open clus-
ters are likely to be more embedded in the dusty clouds hence
provide larger reddening than the older populations like RC stars
and RR Lyraes.
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4.3.2. The SMC
The reddening values determined for 136 selected segments
within the SMC was used to construct a reddening map which
is illustrated in Figure 11. The optical center of SMC (α =
00h52m12s.5 ≡ 13o.05 and δ = −72o49
′
43
′′
≡ −72o.82; de
Vaucouleurs & Freeman (1972)) is shown in the same figure.
The reddening map exhibits a non-uniform and highly clumpy
structure across the SMC. The peripheral regions of the SMC
show smaller reddening in comparison of the central regions.
The reddening is larger in the south west parts of the SMC. The
largest reddening in the SMC is found to be E(V − I) = 0.189
in the region centred at X=0.3, Y=-0.3 which corresponds to
α ∼ 12o.10, δ ∼ −73o.07. On an average, the reddening in the
SMC is found to be E(V − I) = 0.049 ± 0.070 mag and cor-
responding E(B − V) = 0.038 ± 0.053 mag which are substan-
tially smaller in comparison of the mean reddening values in the
LMC. If we compare the reddening maps in the LMC and SMC
shown in Figures 9 and 11 with that of the spatial distributions
of Cepheids given in Figures 1 and 2, it is interesting to note that
the reddening structures are found to be slightly correlated with
those of the spatial distributions of Cepheids in both the galax-
ies, particularly in the SMC where higher reddening has been
observed in the close vicinity of the densely populated regions
of Cepheids.
Figure 11: Same as Figure 9 but for the SMC.
The reddening maps of the SMC have been presented by
many authors in the past using different kind of stellar popu-
lations (Schlegel et al. 1998; Zaritsky et al. 2002; Dobashi et al.
2009; Haschke et al. 2011; Subramanian & Subramaniam 2015;
Rubele et al. 2018; Nayak et al. 2018). In the following part, we
discuss a comparative study of our reddening map with some of
the recent studies carried out in the SMC.
1. Haschke et al. (2011) studied the SMC reddening E(V − I)
using RR Layrae and RC stars from the OGLE-III data. The
continuous line in Figure 12 shows difference between red-
dening E(V − I) estimated by us and Haschke et al. (2011)
using RC stars. The distribution peaks at 0.02 mag suggest-
ing that Haschke et al. (2011) reddening values determined
are slightly smaller in comparison of our study.
2. Nayak et al. (2018) studied 179 open clusters within the
SMC using the same techniques as in Nayak et al. (2018)
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Figure 12: (a) Upper panel shows the distributions of ∆E(V − I)
i.e. past reddening estimates subtracted from our estimate in the
SMC as mentioned on the top-left corner, (b) Lower panel shows
the difference of E(B − V) from Rubele et al. (2018) subtracted
from our reddening estimate.
carried out for the LMC open clusters. We show comparison
of present reddening estimates with the Nayak et al. (2018)
in Figure 12 as a dashed line. The distribution peaks at -0.08
mag, which means that Nayak et al. (2018) reddening val-
ues are larger in comparison of our reddening estimates. A
similar study carried out earlier in the LMC has also shown
that their reddening estimates are higher in comparison of
the present estimates.
3. Rubele et al. (2018) constructed the reddening map using 14
deep tile images taken in the YJKs filters under VMC sur-
vey and found a range of extinction (AV) between ∼0.1 mag
(external regions) and 0.9 mag (inner regions). On a compar-
ative study between ours and Rubele et al. (2018) reddening
maps in the 32 common regions, we found that our E(B−V)
values are smaller in comparison of their study. In the lower
panel of Figure 12, we present histogram of the differences
between two reddening estimates which shows a range of
variations peaking around -0.08 mag. We however note that
their study is based on near-IR data whereas our reddening
estimates are based on the optical data.
It is evident from the histograms in Figure 12 that Haschke
et al. (2011) which used older stellar population found lower
reddening values while Nayak et al. (2018) which used younger
stellar population retrieved higher reddening values in compar-
ison of our reddening estimates in the SMC, a result similar to
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Figure 13: Lower panel shows the histogram of the difference ∆ E(V − I) between the present study and those of Udalski et al.
(1999) drawn by continuous line and Sandage et al. (2004) drawn by dashed line. Upper panel shows the heat map representing the
difference in reddening divided by reddening uncertainty in each segment between the present reddening estimates and that of the
Udalski et al. (1999) in the left panel and same comparison between our values and Sandage et al. (2004) in the right panel. The
difference is obtained by subtracting other results out of our estimates.
our previous comparison for the LMC. It is therefore quite clear
from these comparative studies that the low reddening values fol-
low the distribution of the older stellar populations and younger
populations cater higher reddening in the MCs.
4.4. Effect on the Reddening Maps due to different P-L
relations
In the present study, we used most recent P-L relations given
by Ngeow et al. (2009) and Ngeow et al. (2015) to determine
reddening estimates in the regions of the LMC and SMC, re-
spectively. There are many other P-L relations reported in the
previous studies such as Laney & Stobie (1994), Udalski et al.
(1999), Freedman et al. (2001), Sandage et al. (2004, 2009),
Ngeow et al. (2009, 2015). To investigate whether reddening dis-
tribution across the LMC and SMC determined in the present
study changes due to different P-L relations, we cross-examined
present reddening maps with those using the Udalski et al.
(1999) P-L relations as well independent set of P-L relations
given by Sandage et al. (2004) for LMC and Sandage et al.
(2009) for the SMC. We used the same methodology as dis-
cussed previously in Section 4.1 to find reddening values in the
MCs and constructed the reddening maps for both the LMC and
SMC.
In the lower panel of Figure 13, we illustrate the histogram of
the difference between present estimates with those determined
through previous P-L relations given by Udalski et al. (1999) and
Sandage et al. (2004) by continuous and dashed lines, respec-
tively. While we yield slightly lower values of E(V − I) using
Udalski et al. (1999), we acquired slightly larger E(V − I) val-
ues in comparison of Sandage et al. (2004, 2009). It is seen that
the reddening estimates in the LMC obtained through Ngeow
et al. (2009) in the present study are in between to those obtained
through Udalski et al. (1999) and Sandage et al. (2004) P-L rela-
tions but this variation is less than 0.02 mag which is quite small
in comparison of the uncertainties involved in the reddening es-
timations itself. For a quantitative verification of our reddening
values, we also present significance of the difference among dif-
ferent reddening maps in the upper panel of Figures 13 which
illustrates the difference in reddening divided by the reddening
uncertainty in each segment. Here, we determine comparison of
our values with those obtained through the Udalski et al. (1999)
and Sandage et al. (2004) P-L relations in the left and right side,
respectively. These maps suggest an excellent quantitative agree-
ment between the reddening maps obtained through different P-
L relations in the LMC except few isolated segments as seen by
blue squares in Figure 13.
A similar comparison between the reddening values obtained
in the present study using Ngeow et al. (2015) P-L relations and
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Figure 14: Same as Figure 13 but for the SMC. Here, comparisons are made between our maps and those obtained through Udalski
et al. (1999) and Sandage et al. (2009) P-L relations.
those obtained through Udalski et al. (1999) and Sandage et al.
(2009) P-L relations are illustrated in Figure 14 for the SMC.
It is conspicuous from the differential plots that the present es-
timates in the SMC are slightly smaller than those obtained
through both Udalski et al. (1999) and Sandage et al. (2009) P-L
relations however differences lie between 0.02 mag to 0.03 mag
which can be considered as non-significant considering the un-
certainties involved in the estimation of these values. In general,
we conclude that the change in Cepheids P-L relations does not
make any noticeable difference in the reddening maps of these
two clouds.
5. Recent star formation history in the MCs
Recent studies shows that major star formation events took place
in the MCs at several epochs ranging from few Gyrs to fewMyrs
ago (e.g., Harris & Zaritsky 2004; Rezaeikh et al. 2014; Rubele
et al. 2018) thoughwith varying star formation rates from field to
field (Cignoni et al. 2013; Rubele et al. 2012, 2015). Therefore
a comprehensive study of Cepheids provides a unique oppor-
tunity to probe the recent SFH in the MCs as these are rela-
tively young population and most of them have ages less than
few hundred Myr. Therefore the age and spatial-temporal distri-
butions of Cepheids along with MCs structural parameters may
provide important information about the formation history of the
Magellanic System.
5.1. Age Distribution
The P-L and mass-luminosity relations of Cepheids imply that
longer period Cepheids have higher luminosities and are more
massive which means relatively shorter life span for these pulsat-
ing stars. Therefore, the period and age of Cepheids have an ob-
vious connection. As Cepheids typically have ages in the range
of roughly 30 to 600Myr, a study of age distribution of Cepheids
can be used to reconstruct the recent SFH within the MCs in
last few tens to few hundreds Myr. Since pulsation period of
Cepheids is the only quantity which can be precisely determined
from the observations of the pulsating stars, their ages can be
determined with a good accuracy using the PA relations.
To determine ages of Cepheids from their periods,Magnier
et al. (1997), Efremov & Elmegreen (1998), Efremov (2003)
proposed many semi-empirical relations and Bono et al. (2005)
provided theoretical period-age (PA) and and period-age-colour
(PAC) relations. Recently Joshi & Joshi (2014) used mean pe-
riods of 74 LMC Cepheids found in 25 different open clusters
and corresponding cluster ages taken from Pandey et al. (2010)
to draw an improved PA relation in the LMC. The empirical PA
relation derived by Joshi & Joshi (2014) for the Cepheids in the
LMC is given as
log(t) = 8.60(±0.07)− 0.77(±0.08) log(P) (10)
where age denoted by t is in years and P is the period given in
days. The reliability of the above PA relation has been exam-
ined in Joshi & Joshi (2014) by comparing this relation with the
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Bono et al. (2005) theoretical PA relation determined on the ba-
sis of evolutionary and pulsation models covering a broad range
of stellar masses and chemical compositions.We found a reason-
able agreement between the two relations given for the LMC.
Cepheids PA relation however varies for the galaxies hav-
ing difference metallicities and as we have not derived any such
PA relation for the SMC, we considered here theoretical PA re-
lation given by the Bono et al. (2005) for the SMC. Since we
have already converted period of FO Cepheids to corresponding
FU Cepheids, we only used PA relation of FU Cepheids for the
known metallicity of SMC (z=0.004):
log(t) = 8.49(±0.09)− 0.79(±0.01) log(P) (11)
We used above PA relations to determine the age of each
Cepheid in the LMC and SMC. As error in the period of
Cepheids is reported to be less than 0.001%, we have not taken
them into account in the subsequent age conversion but the typ-
ical average error in age is estimated to be ∼40 Myr due to un-
certainty in the PA relations given by Bono et al. (2005) and
Joshi & Joshi (2014). Although resulting ages are in the range
of log(t/yr) = 6.96 to 8.96 with a mean log(t/yr) of 8.21 for the
LMC but three-fourth Cepheids population in the LMC are dis-
tributed between log(t/yr) of 8.0 to 8.4. Similarly, ages for the
SMC Cepheids ranges from log(t/yr) = 6.66 to 8.86 with a mean
age of 8.27, about three-fourth of them are confined between
log(t/yr) of 8.1 to 8.5. One can see that the SMC Cepheids are
on average slightly older in comparison of the LMC Cepheids.
We determined the distribution of Cepheids in a bin width of
0.05 dex (on a logarithmic scale) in the LMC and SMCwhich are
respectively shown in Figures 15 and 16. We see a pronounced
peak in the age distribution of Cepheids in the LMC that can be
represented by a Gaussian-like profile. In Figure 15, we show
the best fit Gaussian distribution in the histogram that gives a
peak at log(t/yr) = 8.21 ± 0.11. However, a slightly broad pro-
file is evident in the age distribution of Cepheids in the SMC
which may be represented by a bi-modal Gaussian profile as
has been drawn by Jacyszyn-Dobrzeniecka et al. (2016). Though
we do not observe a clear bimodality in the age distribution of
SMC Cepheids but a double-Gaussian profile still gives a better
fit than a single-Gaussian therefore we prefer the earlier one. A
best fit double-Gaussian profile in the age histogram, which is
shown by a dashed line in Figure 16, gives a prominent primary
peak at log(t/yr) = 8.36 ± 0.08 and a small secondary peak at
log(t/yr) = 8.17 ± 0.08. The peak for the younger Cepheids is
not strong enough to draw any firm conclusion although it is co-
inciding with the primary peak in the LMC. We note here that
the final error in age represents the combined uncertainty in the
PA relation as well as error corresponds to the mean age esti-
mation in the Gaussian fit. The maxima in age distributions of
Cepheids indicate a rapid enhancement of Cepheid formation at
around 162+46
−36
Myr for the LMC while it is 229+46
−39
Myr for the
SMC. The rapid enhancement of Cepheids around 200 Myr ago
(within 1-σ uncertainty) in the LMC and SMC thus pointed to
a major star formation episode at that time, most likely due to
a close encounter between the two clouds or their interactions
with the Galaxy stem from their multiple pericentric passages as
they orbit the Milky Way.
The oscillation between rise and fall in the star formation
rate depends upon whether these two clouds are approaching or
receding (Glatt et al. 2010; Joshi et al. 2016). This repeated in-
teraction between LMC and gas-rich SMC lead to episodic star
formations in these two dwarf galaxies which are locked in tidal
interaction. It is believed that the Magellanic Bridge and the
Magellanic Stream might have formed due to such interactions
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Figure 15: The age distribution of Cepheids in the LMC. The
best fit Gaussian profile is shown by a dashed red line.
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Figure 16: Same as Figure 15 but for the SMC. The best fit of
double Gaussian is shown as a dashed red line and individual
Gaussian are shown by dotted green line.
in the past between the two segments of the MCs (Besla et al.
2010; Muraveva et al. 2018). As a consequence of these frequent
encounters, the tidal stripping of stars and gas/material from the
gaseous disk takes place in the Magellanic System. In fact gas in
the Magellanic Bridge is thought to have been largely stripped
from the SMC as a consequence of its close interactions with the
LMC at about 200 Myr ago (Dobbie et al. 2014; Mackey et al.
2017).
Considering several previous studies on the interaction of the
clouds (e.g., Besla et al. 2012; Zivick et al. 2018, 2019) there are
ample evidences of a direct collision between two clouds with
an impact parameter of few kpc (Oey et al. 2018; Zivick et al.
2018). These studies along with many previous studies confirm
epochs of recent star formation in the MCs albeit at slightly dif-
ferent ages. Using open star clusters in the SMC, Pietrzynski &
Udalski (2000) and Glatt et al. (2010) found a peak at 160 Myr
through their age distribution. A similar conclusion was also
drawn by Subramanian & Subramaniam (2015) using OGLE-III
data based on Bono et al. (2005) PAC relation and Jacyszyn-
Dobrzeniecka et al. (2016) using OGLE-IV data based on Bono
et al. (2005) PA relation. In a recent investigation by Ripepi et al.
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(2017) using the data from VISTA near-infrared YJKs survey
of the Magellanic System (VMC), they also predicted a close
encounter or a direct collision between the two cloud compo-
nents some 200 Myr ago and confirm the presence of a Counter-
Bridge.
On the theoretical side, there have been several studies to
infer cloud-cloud interaction in the MCs. In some of the recent
models proposed by Bekki & Chiba (2005), Kallivayalil et al.
(2006), Diaz & Bekki (2012), Besla et al. (2012) and Zivick et al.
(2018), they suggested the last cloud-cloud collision within the
Magellanic System had occurred about 100-300Myr ago caus-
ing an enhanced star formation activities in these two dwarf
galaxies that might have resulted the formation of Magellanic
Stream. In fact mutual interactions between the clouds and sub-
sequent tidal stripping of material from the SMC are believed to
be the most likely reason for the formation of Magellanic Bridge
(Besla et al. 2012; Diaz & Bekki 2012; Muraveva et al. 2018).
This would also mean that Magellanic stream and Magellanic
bridge stellar populations should contain stars from both the
components of the MCs. On the other hand, it was also sug-
gested by Glatt et al. (2010) (and references therein) that not only
the frequent tidal interaction between the two clouds but stellar
winds and supernova explosions may also induce episodic star
formation in these two dwarf galaxies.
5.2. Spatio-temporal Distribution
The spatial distribution of Cepheids as a function of age is
shown in Figures 17 and 18 for the LMC and SMC, respec-
tively. The figures show that the Cepheids are distributed all over
the LMC while preferential distributions of Cepheids is seen in
the SMC. From the examination of age map of the LMC, com-
plex and patchy nature in age distribution is quite evident where
both young and old Cepheid populations are distributed in small
structures across the cloud. We also see a gradual change in the
ages of Cepheids from central to peripheral regions where inner
regions have lower ages and outer regions have pockets of higher
ages as has been noticed in the last star formation event (LSFE)
map presented by the Indu & Subramaniam (2011) through the
determination of the Main-Sequence (MS) turn-off point in the
colour-magnitude diagram. A similar structure has also been ob-
served by Meschin et al. (2014) who suggested a stellar popula-
tion gradient in the LMC disk where younger stellar populations
are more centrally concentrated. They also proposed an outside-
in quenching of the star formation in the outer LMC disk (RGC =
3.5-6.2 kpc) which might be associated with the variation of the
size of HI disk as a result from gas depletion due to star forma-
tion or ram-pressure stripping, or from the compression of the
gas disc as ram pressure from the Milky Way halo acted on the
LMC interstellar medium.
In the SMC, age map of Cepheids shows a systematic dis-
tribution where younger Cepheids lie towards inner region and
older Cepheids are mainly confined towards peripheral regions.
This suggest an inwards quenching of star formation in the SMC.
Ripepi et al. (2017) also found that young and old Cepheids have
different geometric distributions in the SMC. They observed that
closer Cepheids are preferentially distributed in the eastern re-
gions of the SMC which are off-centred in the direction of LMC
owing to the tidal interaction between the two clouds (Muraveva
et al. 2018).
If we compare frequency distribution map of the Cepheids as
shown in Figures 17 and 18 with the similar maps made for the
star clusters identified in Glatt et al. (2010) (see Figure 9 of Joshi
& Joshi (2014) for the LMC, and Figure 5 of Joshi et al. (2016)
Figure 17: Spatial distributions of the Cepheids in the 389 seg-
ments of the LMC as a function of their mean log(t/yr). North
is up and east is to the left. The locations of the optical center of
LMC is shown by plus sign.
Figure 18: Same as Figure 17 but for the 562 segments in the
SMC.
for the SMC), we notice that the clumps of Cepheids do not co-
incide with the clumps of the star clusters in both the component
of the MCs and a mutual avoidance of clumps of the Cepheids
and star clusters is present within the MCs.
6. Discussion and Conclusions
The nearby LMC and SMC are the two galaxies for which the
highest number of Cepheids are detected, that too with an ex-
cellent data quality. The main motive of this paper was thus to
exploit the available V and I band data of close to nine thousand
Cepheids in the MCs. The independent reddening values deter-
mined through the multi-wavelength P-L relations of Cepheids
are important to construct reddening map which is necessary
to understand the dust distributions within different regions of
the host galaxy. In the present study V and I band photometric
data of Cepheids provided in the OGLE-IV photometric survey
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was analysed to understand the reddening distributions across
the LMC and SMC and subsequently to draw reddening maps
in these two nearby galaxies. We used 2476 FU and 1775 FO
Cepheids in the LMC and 2753 FU and 1793 FO Cepheids in
the SMC in the present analysis. In the present study there is
one major addition that instead of studying individual P-L rela-
tions for FU and FO Cepheids, we combined these two modes
of pulsating stars, after converting periods of FO Cepheids to
the corresponding periods of FU Cepheids. This has increased
our sample size of Cepheids in order to draw P-L diagrams that
has allowed us to make small size segments within the galax-
ies hence better resolution of the reddening maps. To reduce
statistical error in the reddening estimation, we selected only
those segments which contain a minimum of 10 Cepheids. We
drew a best fit P-L relation in both V and I band data in all the
segments of the LMC as well as those of the SMC. Using the
well calibrated P-L relations for the LMC and SMC, we esti-
mated the reddening E(V − I) in each segment of both the galax-
ies. We found that the reddening E(V − I) varies from 0.041
mag to 0.466 mag in the LMC and 0.00 to 0.189 mag in the
SMC. The mean value of reddening obtained through best fit
log-normal profile was found to be E(V − I) = 0.113 ± 0.060
mag and E(B − V) = 0.091 ± 0.050 mag for the LMC. The
mean value of reddening obtained through similar approach in
the SMC was estimated to be E(V − I) = 0.049± 0.070 mag and
E(B − V) = 0.038 ± 0.053 mag.
Using the reddening distributions of 133 segments in the
LMC and 136 segments in the SMC, we constructed redden-
ing maps with a cell size of 0.4×0.4 square kpc in the LMC and
0.2×0.2 square kpc in the SMC. This provides an average angu-
lar resolution of about 1.2 deg2 covering an area over 150 deg2
in the LMC and angular resolution of about 0.22 deg2 covering
an area of over 30 deg2 in the SMC. The reddening map of the
LMC shows a heterogeneous distribution having small redden-
ing in the bar region and higher reddening towards north-east
region. We did not find any significant reddening in the central
region of the LMC. The highest reddening in the LMC having
E(V − I) = 0.466 mag was traced in the north east region located
at α ∼ 85o.13, δ ∼ −69o.34 which seems to be associated with
the most active star forming HII region 30 Doradus situated at
α ∼ 84o, δ ∼ −70o that also contains the highest concentration
of Cepheids in our sample. In case of the SMC, reddening map
exhibits a non-uniform and highly clumpy structure across the
cloud. In general, smaller reddening was found around central
regions of the SMC but larger reddening was seen in the south-
west region away from the optical center. The largest reddening
in the SMC is found to be E(V − I) = 0.189 in the region centred
at α ∼ 12o.10, δ ∼ −73o.07. The peripheral regions of the SMC
have shown very small reddening. If we compare our redden-
ing maps with those of the spatial maps in the MCs, we found
a broad correlation between the denser regions to the reddened
structures which is found to be more closely related in the SMC
where higher reddening has been found in the close vicinity of
the densely populated regions of Cepheids. The comparison of
our reddeningmaps with the some recent optical reddeningmaps
has also been carried out, most of them matches well with our
results although few of them are found to be overestimated or un-
derestimated in comparison of the present study. There are var-
ious stellar populations which are used to define the reddening
map but shows some discrepancies among different populations
because different stellar populations experience different dust.
It is well expected that the reddening estimates through early
type stars or star forming regions yield higher reddening in com-
parison of intermediate or old age stellar populations. Different
stellar populations have different spatial distributions and most
of them are non-axisymmetric. Furthermore, no significant vari-
ation was noticed in the reddening maps when we used different
sets of P-L relations which demonstrate the stability of present
reddening maps.
The unprecedented large data set on Cepheids in the OGLE-
IV survey led to refine our knowledge about the spatial and
age distributions of Cepheids within the MCs. We found that
Cepheids in the LMC and SMC are concentrated in the south-
east and south-west regions, respectively. While dense popula-
tion of Cepheids lies in close vicinity of the optical center of
the SMC, it is substantially shifted from the optical center of
the LMC. The western region of the LMC bar is densely pop-
ulated for Cepheids in comparison of the eastern region and
northern arm of the LMC reveals a very poor spatial density.
To explore the recent star formation activity across the MCs, we
also estimated the ages of Cepheids taking advantage of known
PA relations in the literature. The age distribution in the LMC
shows a Gaussian profile having peak at log(t/yr) = 8.21± 0.11,
the age distribution in the SMC displays a prominent peak at
log(t/yr) = 8.36 ± 0.08 although it shows a weak bimodal dis-
tribution. The age maxima in the LMC is found to be very close
to that of the SMC which suggests a common enhancement of
star formation had happened in these two galaxies sometime
around 200 Myr ago. The most likely scenario for this simul-
taneous star formation burst is thought to be resulted due to
cloud-cloud encounter between the LMC and SMC. A similar
distribution has also been noticed in earlier studies using dif-
ferent stellar populations and our result also supports the cur-
rent theoretical scenario predicting a close encounter between
the Clouds. Although cloud-cloud collisions are well expected
between these two nearby galaxies due to their tidal interac-
tions but any external phenomenons like stellar winds and su-
pernova explosions cannot be ruled out as a cause of enhanced
star formations in these systems. We noticed a slightly prefer-
ential distribution in the SMC where relatively older Cepheids
were observed towards the peripheral regions. It was interesting
to note that eastern part of the SMC possessed most of younger
Cepheids which indicates that the eastern region of the galaxy
may be relatively younger.
As MCs have shown evidence of undergoing numerous star
formation episodes in the past ranging from few Myrs to few
Gyrs, it is absolutely necessary to study these two nearby clouds
with different stellar populations as life span of these tracers
also varies from few Myrs to few Gyrs. Moreover the properties
of Clouds vary both in spatial distributions as well as a func-
tion of stellar population. Once derived, they can provide im-
portant clues to understand the outlying mechanisms of galaxy
interactions that in turn drive the star formations over varying
time scales. Therefore, in order to retrieve a complete picture of
the Magellanic System that comprises LMC, SMC, Magellanic
Bridge and Magellanic Stream, a combination of various data
samples and multi-band catalogues of different stellar popula-
tions, particularly extracted through large sky surveys, is of vital
importance.
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